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Elevated blood pressure (BP) Is the most common cause of cardiovascular disease. Salt 
Intake has a strong Influence on BP, and plasma sodium (pNa) Is Increased with progressive 
Increases In salt Intake. However, the associations with pNa and BP had been reported 
Inconsistently. We evaluated the association between pNa and BP, and estimated the risks 
of all-cause-mortallty according to pNa levels. On the basis of data collected from health 
checkups during 1995-2009, 97,009 adult subjects were Included. Positive correlations 
between pNa and systolic BP, diastolic BP, and pulse pressure (PP) were noted In 
participants with pNa > 138 mM/L(P< 0.001). In participants aged > 50 yr, SBP, DBP, 
and PPwere positively associated with pNa. In participants with metabolic syndrome 
components, the differences In SBP and DBP according to pNa were greater (P< 0.001). 
A cumulative incidence of mortality was Increased with Increasing pNa in women aged 
> 50 yr during the median 4.2-yr-follow-up (P< 0.001). In women, unadjusted risks for 
mortality were Increased according to sodium levels. After adjustment, pNa > 145 mM/L 
was related to mortality. The positive correlation between pNa and BP Is stronger In older 
subjects, women, and subjects with metabolic syndrome components. The Incidence and 
adjusted risks of mortality Increase with Increasing pNa in women aged > 50 yr. 
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INTRODUCTION 

Elevated blood pressure (BP) is the leading cause of cardiovas- 
cular disease (1). Much evidence suggests that dietary salt in- 
take plays an important role in regulating BP (2, 3), and is relat- 
ed to cardiovascular events (4). Plasma sodium (pNa) is deter- 
mined by multiple factors including dietary salt intake, fluid 
intake, and the excretion of sodium via the kidney (5). When 
salt intake is increased, a rise in pNa is immediately buffered by 
several compensatory mechanisms. The elevated osmotic pres- 
sure of the plasma gives rise to the sequestration of fluid into 
the plasma, stimulates the thirst center and vasopressin secre- 
tion, and increases sodium excretion (6, 7). In spite of these com- 
pensations, a significant but small increase in pNa is observed 
with progressive increases in salt intake (6-8). A few studies have 
shown associations between BP and pNa, although the results 
are not consistent (9-11). pNa was positively associated with 
systolic BP (SBP) but not with diastolic BP (DBP), in both men 
and women (9). The prevalence of higher pNa (> 147 mM/L) 
was frequent in hypertensive patients (10). In contrast, a signifi- 
cant inverse association was evident between pNa and DBP, and 



there was no association between pNa and SBP in middle-aged 
males (11). In addition, little was known about the effect of pNa 
on long-term outcome. Low pNa levels are reportedly related to 
stroke and all-cause mortality (12, 13), and the incidence of mor- 
tality is reportedly increased in hypernattemia (13). Hyponatre- 
mia and hypernatremia are associated with medical conditions 
such as heart failure and malignancy, and frequentiy result in 
hospitalization (11-14). However, theriskof mortality in subjects 
within the normal range of pNa has not been evaluated. 

We evaluated the association between pNa and BP sttatified 
by age and gender in a healthy Korean population, and estimat- 
ed the risks of all-cause mortality according to increases in pNa, 
within the normal range. 

MATERIALS AND METHODS 
Subjects 

After excluding the participants who were taking anti-hyperten- 
sive medication, had diabetes meUitus (DM), or had a glomeru- 
lar filtration rate (eGFR) < 60 mL/min/1.73 m?, we included the 
records of 100,649 adults aged > 18 yr. These patients had un- 
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dergone a voluntary routine health check-up at the Seoul Na- 
tional University Hospital during the period 1995-2006, and at 
the Seoul National University Bundang Hospital and Health- 
care System Gangnam Center during 2003-2009. When multi- 
ple-visit data were available for a subject, we included only the 
data acquired during the first visit. The subjects had answered 
questions relating to smoking and drinking habits, medical his- 
tory of renal disease, DM, hypertension, angina pectoris, acute 
myocardial infarction, and self-medication, prior to the exami- 
nation. 

Measurements and definitions 

The participants arrived at the hospitals after an overnight fast 
for at least 12 hr, completed the questionnaires, had their BP 
measured, and underwent blood and urine tests. Serum creati- 
nine was measured by the Jaffe reaction, and sodium was mea- 
sured by Denka ISE" Reagent (Denka Seiken, Tokyo, Japan) with 
an automated analyzer (TBA-200FR, Toshiba, Tokyo, Japan) in 
3 hospitals, except for the Seoul National University Hospital, 
from 1995 to 1999 (Hitachi 747, Hitachi Co., Nagashi, Japan). 
The eGFR was calculated using the Modification of Diet in Re- 
nal Disease study equation (15). Proteinuria was determined 
by the urine dipstick test and defined as there being traces of 
protein or more. The CLINITEK ATLAS automated urine ana- 
lyzer was used in the 3 hospitals. We measured blood pressure 
from the left arm of the participant who was seated for 30 min 
before the measurement. Blood pressure was assessed with an 
osciUometric device (Colin Press-Mate BP-8800, CoMn, Komaki, 
Japan). The use of anti-hypertension medications was recorded 
by a self-reported history. DM was defined as a fasting glucose 
of 126 mg/dL or greater, a self-reported history of DM, or use of 
hypoglycemic agents. A history of coronary artery disease (CAD) 
was defined as a self-reported history of angina or acute myo- 
cardial infarction. Body mass index (BMI) was calculated on 
the basis of weight and height (weight [kg]/height [m^]). The 
components of metabolic syndrome were defined by the Na- 
tional Cholesterol Education Program ATP III (16). We divided 
the participants into 4 groups according to the pNa levels: group 
1, 138-140 mM/L; group 2, 141-142 mM/L; group 3, 143-144 
mM/L; and group 4, > 145 mM/L. 

Outcome 

We combined the mortality data from Statistics Korea with our 
dataset using each individual's unique identifier (17). Mortality 
data were obtained until December 2009. 

Statistical analyses 

All analyses were performed using SPSS (SPSS version 18.0, 
Chicago, IL, USA). Data are presented as the mean ± standard 
deviation for continuous variables and as proportions for cate- 
gorical variables. Differences in continuous variables were ana- 



lyzed by one-way analysis of variance (ANOVA), and differenc- 
es in categorical variables were analyzed by chi-square tests. 
Co-variate ANOVA (ANCOVA) was used for adjusting indepen- 
dent factors related to BP such as age, eGFR, BMI, total serum 
cholesterol, protein, calcium, phosphorus, glucose, potassium, 
high density lipoprotein cholesterol (HDL cholesterol), and al- 
kaline phosphatase (ALP). Statistical significance was deemed 
to be indicated when P < 0.05. To detect intta-group differences 
in BP among the 4 sodium groups, we used Bonferroni's correc- 
tion (P < 0.05/9 = 0.006 or P < 0.05/4 = 0.013). The group witii 
pNa 138-140 mM/L was designated the reference group. These 
analyses were adjusted for gender, age, eGFR, BMI, calcium, to- 
tal serum cholesterol, phosphorus, fasting glucose, potassium, 
ALP, HDL cholesterol, and metabolic syndrome. We compared 
the cumulative incidence of all-cause mortality between partici- 
pants, and categorized them into 4 groups according to the pNa 
levels, via a log-rank test. Cox's hazard proportional analysis was 
used to estimate the hazard ratios (HRs) for all-cause mortality. 

Ethics statement 

This study protocol was reviewed and approved by the institu- 
tional review board of the Seoul National University Bundang 
Hospital (IRB number: H-1003-095-104). Informed consent was 
waived by the board. 

RESULTS 

Characteristics of participants 

We excluded 12,703 with a history of anti-hypertensive medica- 
tion, 10,486 diabetics, and 8,209 witii an eGFR < 60 mL/min/ 
1.73 m^ of the all participants. In addition, we excluded 3,640 
participants with pNa < 138 mM/L; the remaining 97,009 par- 
ticipants were enrolled in the study. 

Of the 97,009 participants, 52.7% were male, median age was 
49 yr, 17.9% had metabolic syndrome, and 0.6% had CAD. We 
divided the 97,009 participants into 4 groups according to pNa 
levels and designated group 1 as the reference group. Of the 
4 sodium groups, age (P < 0.001), gender, BMI (P < 0.001), BUN 
(P < 0.001), creatinine (P < 0.001), eGFR (P < 0.001), hemoglo- 
bin (P < 0.001), potassium (P < 0.001), calcium (P < 0.001), 
phosphorus (P < 0.001), protein (P < 0.001), ALP (P < 0.001), 
total serum cholesterol (P < 0.001), HDL cholesterol (P < 0.001), 
glucose (P = 0.002), HbAlc (P < 0.001), urine protein > 1+ by 
dipstick, CAD, number of metabolic syndrome components 
ALT (P = 0.007), were significantiy different, as determined by 
ANOVA or chi-square tests (Table 1). 

BP according to pNa levels 

All patients showed positive correlations between pNa and SBP, 
DBP, or PP (P for tirend < 0.001). Fig. lA shows tiie relationship 
between SBP and pNa levels. In participants with pNa > 141 
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Table 1. Baseline characteristics of participants stratified by piasma sodium 







Piasma sodium (mM/L) 




Parameters 


rn M n 1 
ulUUp I 


Group 2 


Group 3 


rirni in /I ^ 

aluup 4 ^ 




138-140 (n = 28,988) 


141-142 (n = 37,290) 


143-144 (n = 23,729) 


> 145 (n = 7,002) 


Na (mM/L)t 


139.3 + 0.7 


141.5 + 0.5 


143.4 ± 0.5 


145.6 ± 1.0 


Age (yr)t 


47.8 + 11.7 


48.4 + 11.7 


50.5 ±11.6 


52.5 ±11.3 


iVlen 


48.9 


54.4 


55.4 


50.1 


BMi (mVkg)* 


23.3 + 3.1 


23.4 ± 3.0 


23.6 ± 3.0 


23.5 ± 2.9 


BUN (mg/dL)^ 


12.9 + 3.5 


13.2 + 3.5 


13.6 + 3.6 


13.8 ± 3.7 


Creatinine (mg/dL)* 


0.94 + 0.17 


0.97 ± 0.17 


0.98 ± 0.17 


0.96 ± 0.16 


eGFR {miJmin/1 .73 m^^ 


80.8 + 12.6 


79.3 ± 12.2 


78.2 ± 12.0 


77.5 ±11.7 


CRP (mg/dL)*'* 


0.15 + 0.46 


0.14 ± 0.41 


0.15 ± 0.53 


0.16 ± 0.44 


ESR (mm/hr)t 


8.7 + 9.7 


8.5 ± 9.3 


8.6 ± 9.4 


8.7 ± 9.3 


Hemogiobin (g/dL)+ 


14.2 + 1.6 


14.4 ± 1.6 


14.4 ± 1.5 


14.3 ± 1.5 


Potassium (mM/L)* 


4.2 + 0.4 


4.2 ± 0.4 


4.2 ± 0.4 


4.2 ± 0.5 


Caicium (mg/dL)t 


9.16 + 0.46 


9.20 ± 0.44 


9.23 ± 0.44 


9.26 ± 0.45 


Phosphorus (mg/dL)t 


3.59 + 0.60 


3.61 ± 0.60 


3.65 ± 0.61 


3.71 ± 0.63 


Protein (g/dL)t 


7.37 + 0.44 


7.35 ± 0.42 


7.34 ± 0.42 


7.34 ± 0.43 


ALT (U/L)* 


25.9 + 28.5 


26.1 + 23.8 


26.6 ± 23.5 


26.7 ± 25.1 


AST (U/L)* 


24.3 + 26.0 


24.1 ± 14.2 


24.5 ± 14.1 


24.7 ±11.6 


ALP {[}/iy 


64.8 + 21.5 


65.7 ± 21 .5 


67.9 ± 21.9 


70.3 ± 23.5 


YGT (U/L)* 


32.7 + 40.7 


33.3 ± 38.0 


33.4 ± 38.1 


32.0 ± 40.1 


Choiesteroi (mg/dL)t 


195.1 + 35.3 


196.3 ± 34.7 


198.5 + 35.0 


199.9 ± 35.0 


HDL (mg/dL)t 


55.6 + 14.1 


55.1 ± 13.9 


55.0 ± 13.9 


55.4 ± 13.8 


Trigiyceride (mg/dL)* 


118.4 + 84.5 


119.6 + 76.4 


119.9 + 72.5 


118.3 ± 70.3 


Glucose (mg/dL)t 


92.6 + 10.4 


92.9 ± 10.3 


93.0 ± 10.2 


93.0 ± 10.4 


Urine protein > 1 


10.5 


9.7 


13.3 


19.0 


CAD 


0.4 


0.6 


0.8 


1.0 


No. of MS component (%) 










>1t 


69.7 


71.6 


74.1 


75.1 


>3* 


17.3 


18.0 


18.5 


18.5 



*P< 0.05; tp< 0.001; *CRP was measured in 77,957 participants; ^Urine protein measured by dipstici< test; "The data of CAD history exists in oniy 66,888 participants. BMI, 
body mass index; BUN, biood urea nitrogen; Creatinine, iOMS traceabie serum creatinine; eGFR, estimated giomeruiar filtration rate; CRP C-reactive protein; ESR, erythrocyte 
sediment rate; ALT alanine transferase; AST aspartate transferase; ALP All<aiine phosphatase; TGT gamma glutamyl transferase; HDL, high density lipoprotein cholesterol; Glu- 
cose, fasting glucose; HbAI c. Hemoglobin Al c; CAD, coronary artery disease; No. of MS component. Number of criteria for metabolic syndrome. 



mM/L, SBP was significantly higher compared to those with 
pNa 138-139 mM/L, after adjustment for age, eGFR, BMI, total 
serum cholesterol, protein, calcium, phosphorus, glucose, po- 
tassium, HDL cholesterol, and ALP {P < 0.001). There was no 
significant difference in SBP between participants with pNa 
levels of 138 mM/L and 140 mM/L (Fig. lA). DBP according to 
pNa levels was also analyzed. DBP in participants with pNa 
> 141 mM/L was significantly higher than in those with pNa 
levels 138-139 mM/L (P < 0.001), after adjustment for the above- 
mentioned factors (Fig. IB). While pulse pressure (PP) in the 
pNa > 144 mM/L group was significantly higher than that of 
the pNa 138-189 mM/L group; a positive correlation was evident 
between PP and pNa (P for trend < 0.001) (Fig. IC). 

Blood pressure according to sodium groups stratified by 
age and gender 

We subdivided the participants into 4 groups by age and gen- 
der: women aged > 50 yr (n = 22,243), men aged > 50 yr (n = 
23,221), women aged < 50 yr (n = 23,654), and men aged < 50 
yr (n = 27,891). In women aged > 50 yr, SBP (P < 0.001), DBP 



(P < 0.002), and PP (P < 0.004) of sodium groups 3-4 were sig- 
nificantly higher than that of group 1 . In men aged > 50 yr, SBP 
in participants in group 3 (P = 0.003) and group 4 (P < 0.001), 
DBP in group 3 (P = 0.013) and PP in group 4 (P < 0.001) were all 
higher than the corresponding values in group 1 . In participants 
aged < 50 yr, SBP, DBP, and PP were not significandy different 
according to sodium groups in women; in men, only DBP in 
participants in group 3 was significandy higher than that of men 
in group 1 (P = 0.009) (Fig. 2). 

Blood pressure according to sodium groups stratified by 
metabolic syndrome components 

We divided the participants according to the presence of meta- 
bolic syndrome components: participants with one or more 
components (group A, n = 69,371) and those without any com- 
ponents (group B, n = 27,167). Mean SBP DBP and PP were 
higher in group A than in group B (P < 0.001). Positive correla- 
tions between sodium and SBP, DBP and PP were noted in 
group A (P for trend < 0.001), and with SBP and PP in group B 
(P for trend < 0.007). In group A, SBP in participants in sodium 
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*P< 0.05 vs. participants with pNa 138-140 mM/L 

J \ I \ I \ I Q 



^\'i^^^A'i'>^^,jA'2f^ \^"^ 




*P< 0.05 vs. participants w/ith pNa 138-140 mM/L 

J \ I \ I \ I Q 



^\'i^^^^A'i1^^,j,A'i^ A^"^ 




*P< 0.05 vs. participants with pNa 138-140 mM/L 
J \ \ I \ I \ 1 1 



\<^^ \^ ^\^'' 

Plasma sodium (mM/L) 

Fig. 1. Distribution of systolic blood pressure (SBP), diastolic blood pressure (DBP), 
and pulse pressue (PP) according to plasma sodium (pNa) levels. (A) SBP according 
to pNa levels. SBP in participants w/itii pNa > 141 mM/L was significantly higher than 
in pNa 1 38-1 39 mM/L (P = 0.002), and SBP was not significantly different among 
participants with pNa < 134 and pNa 138-139 mM/L. The SBP is adjusted by age, 
estimated glomerular filtration rate, body mass index, total serum cholesterol, protein, 
calcium, phosphorus, glucose, potassium, HDL cholesterol, and alkaline phosphatase 
using co-variance analysis (ANCOVA). Error bars indicate the standard error of the 
mean. (B) DBP according to pNa levels. DBP in participants with pNa > 141 mM/L was 
significantly higher than in participants with pNa 138-139 mM/L (P< 0.001). The 
DBP is adjusted by age, estimated glomerular filtration rate, body mass index, total 
serum cholesterol, protein, calcium, phosphorus, glucose, potassium, HDL cholester- 
ol, and all<aline phosphatase using co-variance analysis (AfiiCOVA). Error bars indicate 
the standard error of the mean. (C) PP according to pNa levels. Only pulse pressure 
(PP) in pNa > 145 mM/L participants was significantly higher than in pNa 138-189 
mM/L participants. The PP is adjusted by age, estimated glomerular filtration rate, body 
mass index, total serum cholesterol, protein, calcium, phosphorus, glucose, potassi- 
um, HDL cholesterol, and alkaline phosphatase using co-variance analysis (AI\ICOVA). 
Error bars indicate the standard error of the mean. *P< 0.05 vs participants with 
pNa 138-140 mM/L. 



groups 2, 3, and 4 was significantly higher than that of sodium 
group 1 (P < 0.001), and no difference was evident between so- 
dium groups within group B (Fig. 3). Also, DBP in participants in 
sodium groups 2, 3, and 4 was higher than that of sodium group 
\{P < 0.001), and no difference was evident between sodium 
groups within group B. PP in participants in sodium group 4 was 
significantly higher than in group 1 in both group A (P < 0.001) 
and group B(P = 0.006). 



*P< 0.05 vs. participants witti pNa 138-140 mM/L 




..<>■■ 



■O- 



Men aged > 50 yr 
■-A-- Women aged > 50 yr 

Men aged < 50 yr 
- • - Women aged < 50 yr 



126 

„ 124 

E 122 
E. 

05 120 

^ 118 
o. 

-D 116 

o 
o 

■° 114 
o 

^ 112 
110 
108 

138-140 141-142 143-144 > 145 

Plasma sodium (mM/L) 

Fig. 2. The distribution of systolic blood pressure (SBP) according to sodium groups 
stratified by age and gender The SBP is adjusted by age, estimated glomerular filtra- 
tion rate, body mass index, serum total cholesterol, protein, calcium, phosphorous, 
glucose, potassium, HDL cholesterol, and alkaline phosphatase using co-variance 
analysis (ANCOVA). Error bars indicate the standard error of the mean. *P< 0.05 vs 
participants with pNa 138-140 mM/L. 

*P< 0.05 vs. participants witti pNa 138-140 mM/L 



125 



E 
E 



120 



^ 115 



^ 110 



105 



More tiian one component of metabolic syndrome 
No component of metabolic syndrome 



138-140 141-142 143-144 
Plasma sodium (mM/L) 



>145 



Fig. 3. The distribution of systolic blood pressure (SBP) according to sodium groups 
in participants with and without components of metabolic syndrome. The SBP is ad- 
justed by age, estimated glomerular filtration rate, body mass index, serum total cho- 
lesterol, protein, calcium, phosphorous, glucose, potassium, HDL cholesterol, and alka- 
line phosphatase using co-variance analysis (ANCOVA). Error bars indicate the stan- 
dard error of the mean. *P< 0.05 vs participants with pNa 138-140 mM/L. 
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All-cause mortality according to sodium groups 

A total of 998 deaths (1.0%) were observed at the 50.8 months 
median follow-up period. The cumulative incidence of all-cause 
mortality increased continuously with increasing pNa (Log 
ranks, P = 0.002) (Fig. 4A). Sodium group 1 showed the lowest 
incidence of all-cause mortality at 53.9 months median follow- 
up, and sodium group 4 showed the highest incidence at 51.6 
months median foUow-up. In women aged > 50 yr, the cumu- 
lative incidence of aU-cause mortality also increased with in- 
creasing pNa (Log ranks, P < 0.001) (Fig. 4B). However, men 
aged > 50 yr and both men and women aged < 50 yr did not 
show significant differences in all-cause mortality according to 
sodium groups. 

Because women aged > 50 yr showed a significant associa- 
tion between sodium groups and aU-cause mortality, we ana- 
lyzed multivariate regression for aU-cause mortality in women. 
Unadjusted HRs for all-cause mortality according to sodium 
groups were significant, at 1.366 (95% CL 1.000-1.867), 1.618 
(95% a, 1.160-2.258), and 2.946 (95% CI, 2.005-4.329) in sodi- 
um groups 2, 3, and 4, respectively. After adjusting for age and 
SEP, HRs also increased with increasing pNa: 1.181 (95% CI, 
0.863-1.615), 1.224 (95% CI, 0.875-1.712), and 2.009 (95% CI, 
1.362-2.965) in sodium groups 2, 3, and 4, respectively. A multi- 
variate adjusted model showed a similar trend: 1.135 (95% CI, 
0.828-1.555), 1.164 (95% CI, 0.827-1.637), and 1.852 (95% CI, 



1.245-2.754) in sodium groups 2, 3, and 4, respectively (Table 2). 
DISCUSSION 

In the present study, we determined the associations between 
increasing pNa, and BP and mortality. SBP and DBP were posi- 
tively correlated with pNa in participants with pNa > 138 mM/ 
L. The positive correlation between pNa and BP was stronger in 
older subjects, women, and subjects with metabolic syndrome 
components. The cumulative incidence of mortality increased 
with increasing pNa in women aged > 50 yr by sub-group anal- 
ysis. Thus, pNa is an independent risk factor for aU-cause mor- 
tality in women. 

Endothelial cells are in physical contact with pNa and express 
epithelial sodium channels in response to aldosterone (18). Al- 
dosterone leads to endothelial cell swelling via the uptake of 
sodium and water. Despite the already increased stiffness in al- 
dosterone-treated cells, increase in the sodium concentration 
from 135 to 145 mM/L resulted in a further marked increase in 
stiffness in the aldosterone-treated endothelial cells (18). Gen- 
eration of nitric oxide, a crucial vasodilator produced by endo- 
thelial cells, is reduced when the sodium concentration is in- 
creased from 135 to 150 mM/L (18, 19). In a human study, mod- 
est sodium restriction improved arterial stiffness measured by 
pulse wave velocity (3). An increase in pNa may affect endothe- 



1.00 - 
0.98 
0.96 
^ 0.94 
0.92 
0.90 
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P= 0.002 
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Months of follow-up 
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1.00 - 



0.98 
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0.96 



"2 0.94 
0.92 
0.90 



Women aged > 50 yr 




P< 0.001 



50 100 150 

Months of follow-up 
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Fig. 4. Survival curves for all-cause mortality of all participants and women aged > 50 yr according to sodium groups. (A) All participants. Tine participants were categorized ac- 
cording to plasma sodium: group 1, 138-140 mM/L; group 2, 141-142 mM/L; group 3, 143-144 mM/L; and group 4, > 145 mM/L. (B) Women aged > 50 yr. 



Table 2. Longitudinal association between plasma sodium groups and all-cause mortality in women 



Plasma sodium (mM/L) 


No. of paticipants 


Mortality cases (%) 


Unadjusted 
hazard ratio 


Age, SBP adjusted 
hazard ratio 


Multivariate-adjusted 
hazard ratio 


138-140 


14,751 


69 (0.5) 


reference 


reference 


reference 


141-142 


16,914 


92 (0.5) 


1.366 (1.000-1,867) 


1.181 (0.863-1.615) 


1.135 (0.828-1.555) 


143-144 


10,501 


70 (0.7) 


1.618(1.160-2.258) 


1.224 (0.875-1.712) 


1.164(0.827-1.637) 


>145 


3,454 


42 (1 .2) 


2.946 (2.005-4.329) 


2.009 (1 .362-2.965) 


1.852 (1.245-2.754) 



Multivariate-adjusted hazard ratio: adjusted for age, systolic blood pressure, estimated glomerular filtration rate (eGFR), body mass index, protein, calcium, phosphorous, fasting 
glucose, cholesterol, potassium, alkaline phosphatase, high density lipoprotein cholesterol, and metabolic syndrome. 
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lial function, vascular tone, and BP. 

Older individuals exhibited significant differences in BP ac- 
cording to pNa in both men and women. The sensitivity of the 
renin-angiotensin-aldosterone system (RAAS) to the sympath- 
oadrenal effect increased with increasing age, despite decreased 
plasma renin and aldosterone baselines (20). Changes in pNa 
are directly related to the RAAS response (21). Furthermore, in 
women older than 50 yr, pNa was strongly associated with BP, 
and young women exhibited no significant associations, unlike 
young men. Similar findings were evident with regard to all- 
cause mortality. Estrogen has a protective effect against increased 
BP, and the depletion of estrogen clearly increased the effects 
of salt on BP in hypertensive female rats (21). Ovariectomy in- 
creased the urinary excretion of aldosterone and angiotensino- 
gen in animals on both normal salt and high salt diets (21, 22). 
The strong association between pNa and BP in older women 
could be explained by the depletion of estrogen. 

Insulin resistance may lead to sodium retention and extra- 
cellular fluid volume expansion, thereby increasing the effects 
of salt intake on BP (23). It has been reported that metabolic 
syndrome enhanced the salt sensitivity in non-diabetic partici- 
pants (24). We also confirmed a stronger influence of pNa on 
BP in participants with metabolic syndrome components. These 
greater increases in BP in response to pNa in older subjects, 
women, and subjects with metabolic syndrome components 
are in agreement with previous studies revealing an association 
between dietary salt intake and BP (24-26). 

This study has several strengths. The characteristics of the 
study population differed from those of previous studies in that 
the participants were ethnically homogenous Asians who tradi- 
tionally consumed high dietary salt. While the recommended 
dietary salt intake is less than 5.8 g per day for adults, the aver- 
age salt intake in Korea was 14.3 g per day in 2005 (27), com- 
pared to 10.4 g in American men during 2005 through 2006 (28). 
In addition, the study was conducted in a healthy population. 
Disturbances in pNa concentration were observed in medical 
conditions such as heart failure, dehydration, volume depletion 
and malignancy (1 1-14). Our participants had a voluntary rou- 
tine health check-up that enabled the exclusion of those with a 
debilitating condition. In addition, we excluded participants 
who were taking anti-hypertensive medication, had an eGFR 
< 60 mL/min/1.73 m^ and were diabetics. Renal tubular dys- 
function, diuretic usage, and RAAS blockade all lead to the mod- 
ification of sodium absorption in the kidney. Severe endothelial 
dysfunction and arterial stiffness were noted in diabetic patients 
(29, 30). The difference in the prevalence of diabetics in each 
sodium group may have affected our analysis of the effect of 
pNa on BP. Second, the association between mortality and pNa 
in the normal range had not been previously evaluated. We de- 
tected differences in all-cause mortality influenced by a small 
increase in pNa in women aged > 50 yr. 



This study also has some limitations. The cross sectional study 
design prevented an evaluation of the causal relationship be- 
tween BP and pNa. Second, dietary salt intake was not evaluat- 
ed; thus, we could not determine whether the increase in pNa 
was correlated with dietary salt intake. Third, the types of anti- 
hypertensive medications were not identified. Therefore, we 
excluded all participants who were taking any anti-hyperten- 
sive medication. Finally, the follow-up period was relatively 
short. The median 4.2 yr of follow up was insufficient to reveal 
differences in all-cause mortality according to pNa in men and 
women aged < 50 yr. There was no significant difference in men 
aged > 50 yr despite a significant association between BP and 
pNa. Further long-term studies are needed. 

We determined the effect of increases in pNa within the nor- 
mal range on BP and mortality. The observed positive correla- 
tion between pNa and BP is stronger in older subjects, women, 
and subjects with metabolic syndrome components. Despite 
the short follow-up period, the incidence and adjusted risks of 
mortality increase with increasing pNa in women aged > 50 yr. 

DISCLOSURE 

The authors declare no conflicts of interest. 

REFERENCES 

1. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R; Prospective Studies 
Collaboration. Age-specific relevance of usual blood pressure to vascular 
mortality: a meta-analysis of individual data for one million adults in 
61 prospective studies. Lancet 2002; 360: 1903-13. 

2. Stamler J, Rose G, Elliott P, Dyer A, Marmot M, Kesteloot H, Stamler R. 
Findings of the International Cooperative INTERSALT Study. Hyperten- 
sion 1991; 17: 19-15. 

3. He FJ, Marcinlak M, Vlsagle E, Markandu ND, Anand V, Dalton RN, 
MacGregor GA. Effect of modest salt reduction on blood pressure, uri- 
nary albumin, and pulse wave velocity in white, black, and Asian mild 
hypertensives. Hypertension 2009; 54: 482-8. 

4. Bibblns-Domingo K, Chertow GM, Coxson PC, Moran A, Llghtwood 
JM, Pletcher MJ, Goldman L. Projected effect of dietary salt reductions 
on future cardiovascular disease. NEngl J Med 2010; 362: 590-9. 

5. De Wardener HE, He FJ, MacGregor GA. Plasma sodium and hyperten- 
sion. Kidney Int 2004; 66: 2454-66. 

6. Renter S, Biissemalcer E, Hausberg M, Pavenstadt H, HUIebrand U. Ef- 
fect of excessive salt intake: role of plasma sodium. Curr Hypertens Rep 
2009;11:91-7. 

7. He FJ, Markandu ND, Sagnella GA, de Wardener HE, MacGregor GA. 
Plasma sodium: ignored and underestimated. Hypertension 2005; 45: 
98-102. 

8. Suckling RJ, He FJ, Markandu ND, MacGregor GA. Dietary salt influ- 
ences postprandial plasma sodium concentration and systolic blood 
pressure Kidney Int 2012; 81: 407-11. 

9. Bulpitt CJ, Shipley MJ, Semmence A. Blood pressure and plasma sodi- 
um and potassium. Clin Sci (Land) 1981; 61: 85s-7s. 



http://dx.cl0i.0rg/l 0.3346/jkms.201 3.287.1 034 



http://jkms.org 1039 



JKMS 



Oh SW, et al. • Mortality Risks and Plasma Sodium Levels 



10. Komlya I, Yamada T, Takasu N, Asawa T, Akamine H, Yagi N, Nagasawa 
Y, Ohtsuka H, Miyahara Y, Sakai H, et al. An abnormal sodium metabo- 
lism in Japanese patients with essential hypertension, judged by serum 
sodium distribution, renal function and the renin-aldosterone system. J 
Hypertens 1997; 15: 65-72. 

11. Wannamethee G, Whincup PH, Shaper AG, Lever AF. Serum sodium 
concentration and risk of stroke in middle-aged males. /Hypertens 1994; 
12:971-9. 

12. Schou M, Valeur N, Torp-Pedersen C, Gustafsson F, Kober L. Plasma 
sodium and mortality risk in patients with myocardial infarction and a 
lowLVEF. Eur J Clin Invest 2011; 41: 1237-44. 

13. Guerin MD, Martin AH, Sikaris KA. Change in plasma sodium concen- 
tration associated with mortality. Clin Chem 1992; 38: 31 7. 

14. Sarhill N, Mahmoud FA, Christie R, Taiiir A. Assessment of nutritional 
status and fluid deficits in advanced cancer Am JHosp Palliat Care 2003; 
20:465-73. 

15. Levey AS, Coresli J, Greene T, Stevens LA, Zhang YL, Hendriksen S, 
Kusek JW, Van Lente F; Ciironic Kidney Disease Epidemiology Collab- 
oration. Using standardized serum creatinine values in the modification 
of diet in renal disease study equation for estimating glomerular filtra- 
tion rate. Ann Intern Med 2006; 145: 247-54. 

16. Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin 
BA, Gordon DJ, Krauss RM, Savage PJ, Smith SC Ir, et al. Diagnosis and 
management of the metabolic syndrome: an American Heart Associa- 
tion/National Heart, Lung and Blood Institute Scientific Statement. 
Circulation 2005; 112: 2735-52. 

17. Oh SW, Baek SH, Kim YC, Goo HS, Heo NJ, Na KY, Chae DW, Kim S, 
Chin HJ. Mild decrease in estimated glomerular filtration rate and pro- 
teinuria are associated with all-cause and cardiovascular mortality in 
the general population. Nephrol Dial Transplant 2012; 27: 2284-90. 

18. Oberleithner H, Riethmiiller C, Schillers H, MacGregor GA, de War- 
dener HE, Hausberg M. Plasma sodium stiffens vascular endothelium 
and reduces nitric oxide release. Proc Natl Acad Sci USA 2007; 104: 
16281-6. 

19. Fujiwara N, Osanai T, Kamada T, Katoh T, Takahashi K, Okumtira K. 
Study on the relationship between plasma nitrite and nitrate level and 
salt sensitivity in human hypertension: modulation of nitric oxide syn- 
thesis by salt intake. Circulation 2000; 101: 856-61. 

20. Korkushko Oy Asinova MI, Ershova GS. Changes in reactivity of the re- 
nin-angiotensin-aldosterone system in old age as a risk factor in the de- 



velopment of hypertension. Kardiologiia 1985; 25: 33-6. 

21. ChappeU MC, Yamaleyeva LM, Westwood BM. Estrogen and salt sensi- 
tivity in the female mRen(2 ): Lewis rat Am J Physiol Regul Integr Comp 
Physiol 2006; 291: R1557-63. 

22. Cohen JA, Lindsey SH, Pirro NT, Brosnihan KB, GaUagher PE, ChappeU 
MC. Influence of estrogen depletion and salt loading on renal angioten- 
sinogen expression in the mRen(2): Lewis strain. Am J Physiol Renal 
Physiol 2010; 299: F35-42. 

23. Shimamoto K, Hirata A, Fukuoka M, Higashiura K, Miyazaki Y, Stmki M, 
Masuda A, Nakagawa M, limura O. Insulin sensitivity and the effects of 
insulin on renal sodium handling and pressor systems in essential hy- 
pertensive patients. Hypertension 1 994; 23: 129-33. 

24. Chen J, Gu D, Huang J, Rao DC, Jaquish CE, Hixson JE, Chen CS, Chen J, 
Lu F, Hu D, et al. Metabolic syndrome and salt sensitivity of blood pres- 
sure in non-diabetic people in China: a dietary intervention study. Lan- 
cet 2009; 373: 829-35 

25. Montasser ME, Douglas JA, Roy-Gagnon MH, Van Hout CV Weir MR, 
Vogel R, Parsa A, Steinle NI, Snitker S, Brereton NH, et al. Determinants 
of blood pressure response to low-salt intake in a healthy adult popula- 
tion. J Clin Hypertens (Greenwich) 2011; 13:795-800. 

26. Chen J. Sodium sensitivity of blood pressure in Chinese populations. 
Curr Hypertens Rep 201 0; 12: 127-34. 

27. Lee SW, Kim YC, Oh SW, Koo HS, Na KY, Chae DW, Kim S, Chin HJ. 
Trends in the prevalence of chronic kidney disease, other chronic diseases 
and health-related behaviors in an adult Korean population: data from 
the Korean National Health and Nutrition Examination Survey 
(KNHANES). Nephrol Dial Transplant 2011; 26: 3975-80. 

28. U.S. Department of Agriculture, Agricultural Research Service. 2008. 
Nutrient intakes from food: mean amounts consumed per individual, 
one day, 2005-2006. Available at http://www.ars.usda.gov/SP2User- 
Files/Place/12355000/pdf/0506/Table_l_NIF_05.pdf [accessed on 22 
December 2012]. 

29. Sweitzer NK, Shenoy M, Stein JH, Keles S, Palta M, LeCaire T, MitcheU 
GF. Increases in central aortic impedance precede alterations in arterial 
stiffness measures in type 1 diabetes. Diabetes Care 2007; 30: 2886-91. 

30. Astrup AS, Tarnow L, Piettaszek L, Schalkwijk CG, Stehouwer CD, Parv- 
ing HH, Rossing P. Markers of endothelial dysfunction and inflamma- 
tion in type 1 diabetic patients with or without diabetic nephropathy 
followed for 10 years: association with mortality and decline of glomeru- 
lar filtration rate. Diabetes Care 2008; 31: 11 70-6. 



1040 http://jkms.org 



http://dx.doi.Org/10.3346/jkms.2013.28.7.1034 



